Introduction {#Sec1}
============

Malignant tumors are a major reason of the enhancement of the disability and mortality rates. According to the World Health Organization data, there were an estimated 12.4 million new cases of cancer worldwide in 2008 and 7.6 million deaths caused by the disease (Boyle and Levin [@CR2]). The available methods at the present for the treatment of tumors are not sufficiently effective. The surgical removal of tumors is not always possible since only a small percentage of onco-patients could be operated and that the risk of postoperative complications is high. Chemotherapy is a palliative method of treatment that promotes short-term relief but does not lead to complete recovery. In addition, it is toxic and causes serious violations in the work of many organs, including liver and heart. In this regard, there is a need to develop alternative methods of tumor treatment and to find new substances, which act locally in tumor, causing its destruction. One of the mechanisms of such destruction is the simulation of tumor cells death by necrosis or apoptosis with preserving of normal cell viability. Biologically active non-toxic C~60~ fullerenes (Andrievsky et al. [@CR1]; Prylutska et al. [@CR13]; Johnston et al. [@CR10]), which are able to penetrate through the membrane of cells (Foley et al. [@CR6]) and have strong antioxidant and antiviral properties (Prylutska et al. [@CR14]; Cataldo and Da Ros [@CR5]), could be used for preventing the growth of malignant neoplasms. In fact, some fullerene derivatives have shown promising anticancer or antitumor activity (Freitas [@CR7]). Namely, Murugesan et al. ([@CR12]) have demonstrated the substantial anti-angiogenic activity of carbon materials such as graphite, multi-walled carbon nanotubes, and C~60~ fullerenes against either basic fibroblast growth factor- or vascular endothelial growth factor-induced angiogenesis in the chick chorioallantoic membrane model. It is known that an imbalance in the levels of these factors causes many serious diseases including malignant cell growth (Carmeliet [@CR4]). Furthermore, Meng et al. ([@CR11]) have reported that fullerene derivatives are capable to regulate in low levels simultaneously more than ten angiogenic factors in the mRNA level that is further confirmed at the protein level. This result indicates that fullerene-containing materials serve as a potent antiangiogenesis inhibitor that can simultaneously target multiple angiogenic factors. In addition, Yin et al. ([@CR19], [@CR20]) found that metallofullerene nanoparticles penetrate plasma membrane of tumor cells, effectively inhibit their proliferation, and decrease the activities of those enzymes which are responsible for catalyzing the production of reactive oxygen species in vivo.

Considering the importance of using fullerenes for the cancer treatment, the purpose of this work was mainly focused on investigating the influence of pristine (unmodified) water-soluble C~60~ fullerenes on the rate of growth of transplanted malignant tumors.

Materials and methods {#Sec2}
=====================

The C~60~ fullerene aqueous solutions (C~60~FAS) used for the experiments were prepared as follows (Scharff et al. [@CR17]): a saturated solution of C~60~ fullerenes (purity 99.5%) in toluene was mixed with the same amount of distilled water and the resulted two-phase system was ultrasonicated until the completion of the toluene evaporation. Afterwards, the yellow-colored water phase was filtered for removing the C~60~ fullerenes which were not dissolved. C~60~FAS samples with concentrations of C~60~ fullerenes in water in the range from 0.1 to 1.0 mg/ml were prepared. The C~60~FAS samples were found to be stable for about 18 months at 4°C.

Theoretical calculations (Prilutsky et al. [@CR16]; Bulavin et al. [@CR3]) showed that C~60~FAS contains both single C~60~ molecules and their clusters (with sizes of about 0.7--4 nm depending of C~60~ fullerene concentration) in the hydrated state. Moreover, C~60~ fullerenes structure the water, absorbed by DNA molecules (Turov et al. [@CR18]), and thus they can affect the DNA functioning in the biosystem.

The state of C~60~ fullerenes in water was examined by using STM technique (NT-MDT, Russia). The samples were deposited on Au(111) surface by precipitation from aqueous solution droplet.

It is important to note that used C~60~FAS does not show a cytotoxic effect with respect to both normal and transformed cells at concentrations below 1.0 mg/ml (Prylutska et al. [@CR13]).

The male mice of C57Bl/6J line (20--21 g weight) were kept in a vivarium on a standard diet. The average temperature in a vivarium was 20 ± 1°C. We have to mention that in all experiments performed in the present work, we followed the international principles of European Convention for protection of vertebrate animals.

Tumor transplantation (Lewis lung carcinoma) was performed by intramuscular injection to the animal's limb (initial number of tumor cells was equal to ∼5 × 10^5^; *antitumor effect*) or to the pad of animal's limb (initial number of tumor cells was equal to ∼1 × 10^6^; *antimetastatic effect*). As is known, the strain of this tumor is characterized by a high degree of lung metastases damage.

The C~60~FAS in the volume of 0.1 ml (the initial concentration of C~60~ fullerenes in water was 1.0 mg/ml) was injected intraperitoneal to the animals before the transplantation of tumor (group 1; *protective effect*) one time for 5 days with interval through a day. Injection of C~60~FAS (0.1 ml) in group 2 (*inhibitive effect*) was started in a day after the transplantation of tumor, which visually appeared on the 10th day. The C~60~FAS was injected one time for 5 days with interval through a day given the fact that C~60~ fullerenes, introduced intraperitoneal to rats (dose 500 mg/kg), are excreted from the body within 2--4 days (Gharbi et al. [@CR8]). Finally, group 0 (mice with transplanted tumor without C~60~FAS injection) was used as control. The initial number of animals in each group was 5 in *experiment 1*, 7 in *experiment 2* (antitumor effect) and also 7 in *experiment 3* (antimetastatic effect). On the 20th day of experiment 3, all animals were put to death for the purpose of calculating the number of metastases in the lung of each animal. It is also important to note that these experiments were started in different time periods: experiment 1---middle of autumn 2010; experiment 2---end of winter 2011; and experiment 3---end of spring 2011.
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Within the histological studies, the tumor was fixed in 4% paraformaldehyde solution in phosphate buffer pH 7.4, dehydrated in alcohols of increasing concentration and poured in paraplast of U.S. production (Richard-Allan Scientific). The microscopic sections (thickness of 5 μm) were obtained using the rotary microtome (Leaica RM 21225 RT, Germany) and colored by Erlich hematoxylin and eosin. These sections were studied using the light optical microscope (Olympus BX51, Japan). The average number of mitotic and apoptotic cells, and the mitotic and apoptotic indices were determined by counting ten regions of view (each of them contained ∼500 cells) with magnification 400×. The percentage of area occupied by necrosis was estimated using the "Olympus DP-Soft" morphometric software.

The statistical analysis of obtained results was performed using STATISTICA software package including numerical methods (Gubler [@CR9]).

Results and discussion {#Sec3}
======================

The STM images of submonolayer C~60~ fullerene film deposited from aqueous solution (C~60~ fullerene concentration in water was 1.0 mg/ml) on Au(111) surface are shown in Fig. [1](#Fig1){ref-type="fig"}. The images reveal almost random arrangement of C~60~ fullerene clusters with sizes up to ∼2.8 nm (the first stable sphere-like cluster consisting of 13 hydrated C~60~ fullerenes (Prilutsky et al. [@CR16]; Bulavin et al. [@CR3]) (Fig. [1a](#Fig1){ref-type="fig"}). Despite the high mobility of C~60~ molecules on Au(111) at the room temperature, images of single C~60~ molecules were also made (Fig. [1b](#Fig1){ref-type="fig"}).Fig. 1**a** Large-scale STM image of submonolayer C~60~ fullerene film deposited from aqueous solution (C~60~ fullerene concentration in water was 1 mg/ml) on Au(111) surface. Some C~60~ fullerene clusters are aligned along preferential direction \<112\>. **b** Single C~60~ fullerenes. Lateral size is increased because of shape of the tip. *Inset*: cross-section along *line AB*. Scanning parameters: *I* ~t~ = 40 pA, *U* ~t~ = 0.7 V

The results extracted from experiment 1 (antitumor effect) are presented in Table [1](#Tab1){ref-type="table"}. Antitumor effect of C~60~ fullerenes was recorded on the 15th day after transplantation of tumor in group 1 (protective effect; 25th day after the introduction of C~60~ fullerenes) and in group 2 (inhibitive effect). Inhibition of tumor growth in group 1 shows a tendency to decrease from 17.0% (15th day) to 3.1% (25th day after tumor transplantation). Inhibition of tumor growth in group 2 increased from 30.0% (15th day), reached a maximum of 37.2% (18th day) and then decreased to 16.0% (25th day after tumor transplantation). The last animal in the control group 0 died on the 32th day of the experiment. The survival of animals in groups 1 and 2 was 20.0% and 40.0%, respectively, compared to the control. Finally, the life duration for last animal in group 1 (protective effect) and group 2 (inhibitive effect) (38 days) was about 1.2 times higher compared to the control (31 days).Table 1Experiment 1 (antitumor effect)Number of days after tumor transplantationGroup 0 (control)Group 1 (injection of C~60~FAS before tumor transplantation)Tumor growth inhibition\*, $\documentclass[12pt]{minimal}
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The results obtained from experiment 2 (antitumor effect) are presented in Table [2](#Tab2){ref-type="table"}. Antitumor effect of C~60~ fullerenes was recorded on the 13th day after transplantation of tumor in group 1 (protective effect; 23th day after the introduction of C~60~ fullerenes) and in group 2 (inhibitive effect). Inhibition of tumor growth in group 1 shows a tendency to increase (in contrast to the results of experiment 1) from 15.0% (13th day) to the maximum value of 35.0% (27th day after tumor transplantation). Inhibition of tumor growth in group 2 reached a maximum of 25.1% (16th day) and then decreased to 5.0% (27th day after tumor transplantation). The last animal in the control group 0 died on the 30th day of the experiment. The survival of animals in groups 1 and 2 was 28.6% and 85.7%, respectively, compared to the control. These values were higher compared with those obtained in experiment 1. The extension of animal life in group 1 was found to be 30.3% while in group 2 was estimated to be 21.8% compared to the control. Finally, the life duration for last animal in group 1 (53 days) (protective effect) and group 2 (36 days) (inhibitive effect) was accordingly ∼1.8 and ∼1.2 times greater compared to the control (29 days) (this value agrees well with a same for group 2 in experiment 1).Table 2Experiment 2 (antitumor effect)Number of days after tumor transplantationGroup 0 (control)Group 1 (injection of C~60~FAS before tumor transplantation)Tumor growth inhibition\*, $\documentclass[12pt]{minimal}
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For visual comparison of tumor growth, Fig. [2](#Fig2){ref-type="fig"} presents the animals in group 2 (inhibitive effect; Fig. [2a](#Fig2){ref-type="fig"}) and group 1 (protective effect; Fig. [2b](#Fig2){ref-type="fig"}) on 34th day after tumor transplantation. Estimations demonstrate that the average tumor volume in experimental group 2 (inhibitive effect) is about ∼1.7 times greater compared to that in group 1 (protective effect).Fig. 2Visual comparison of tumor size for animals of group 2 (inhibitive effect; **a**) and group 1 (protective effect; **b**): 34th day after tumor transplantation (experiment 2 (antitumor effect))

It is also important to note that the visual observation of experimental animals revealed that animals in group 1 (protective effect) compared to the animals in group 2 (inhibitive effect) have greater mobility and that the color of their hair was more explicit shade. Finally, the life duration for last animal in group 1 (protective effect) seems to be about ∼1.5 times greater compared to that of last animals in group 2 (inhibitive effect).

The results obtained from experiment 3 (antimetastatic effect) clearly demonstrate that the metastasis inhibition index for group 1 (protective effect) $\documentclass[12pt]{minimal}
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Figure [3](#Fig3){ref-type="fig"} presents the histological data for the animal tumors of group 0 (control; Fig. [3a](#Fig3){ref-type="fig"}), group 1 (protective effect; Fig. [3b](#Fig3){ref-type="fig"}) and group 2 (inhibitive effect; Fig. [3c](#Fig3){ref-type="fig"}) on the 20th day after tumor transplantation in experiment 3 (antimetastatic effect).Fig. 3Histological sections of Lewis lung carcinoma in male mice of C57Bl/6J line on the 20th day after tumor transplantation (Experiment 3 (antimetastatic effect): start of tumor transplantation---20 May 2011. Start of C~60~FAS injection after tumor transplantation---22 May 2011): **a** (control)---small areas of necrosis of tumor cells, apoptosis (200×); **b** (group 1; protective effect)---mitosis and apoptosis of tumor cells (400×); **c** (group 2; inhibitive effect)---areas of necrosis of tumor cells (200×)

Lewis lung carcinoma consists of polymorphic cells, most of which are occupied by the nucleus with large nucleolus, condensed chromatin and light areas of karyoplasm. Mitosis, apoptosis and necrosis of tumor cells are observed in all groups (Fig. [3](#Fig3){ref-type="fig"}). The isolated lymphocytes are presented in the tumor stroma, and infiltration of polymorphonuclear leukocytes is observed. Morphometric studies show the differences in the area of necrosis, mitotic and apoptotic indices between the study group and control, namely: area of necrosis in tumors was 17.7% (control), 12.7% (group 1; protective effect) and 8.3% (group 2; inhibitive effect); the mitotic index was 1.57 (control), 1.20 (group 1; protective effect) and 1.82 (group 2; inhibitive effect); the apoptotic index was 2.0 (control), 4.7 (group 1; protective effect) and 2.9 (group 2; inhibitive effect). As can be seen, the area in the tumor necrosis and apoptotic index value for group 1 (protective effect) exceed these parameters for group 2 (inhibitive effect). Conversely, the value of mitotic index for group 1 (protective effect) is less than this parameter for group 2 (inhibitive effect). Thus, C~60~ fullerenes, which were injected to animals before the tumor transplantation (protective effect), activate processes of necrosis and apoptosis of tumor cells, and C~60~ fullerenes, which are injected to animals after the tumor transplantation (inhibitive effect), activate the process of mitosis of tumor cells.

Conclusion {#Sec4}
==========

C~60~FAS, without showing direct cytotoxicity, cause at low single therapeutic dose (5 mg/kg) antitumor immune response. Specifically, it was observed that a treatment with C~60~FAS inhibits tumor volume of Lewis lung carcinoma in male mice of C57Bl/6J line. Namely, within the study of protective effect of C~60~FAS, it was found that the maximum therapeutic effect was reached 35.0% for the index of tumor growth inhibition. The survival of animals was 28.6% compared to the control. An extension of animal life of about 30.3% was found. Within the study of inhibitive effect of C~60~FAS, the treatment purposefully suppresses the growth of this tumor: the maximum therapeutic effect reached 25.1% for the index of tumor growth inhibition; the survival of animals was 85.7% compared to the control; and an extension of animal life of about 21.8% was found. The metastasis inhibition index was 96% for protective effect and 48% for inhibitive effect of C~60~FAS. Finally, the anticancer effect of C~60~FAS was confirmed by histological data. The obtained results can be explained as a result of the high antioxidant activity of C~60~ fullerenes, neutralizing excess reactive oxygen species in the cell and possibly blocking the specific cell receptors, for example, endothelial growth factor. The proposed treatment with C~60~FAS can be very promising in clinical oncology for the inhibition of tumor growth (Prylutska et al. [@CR15]).
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